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SUMMARY 

This  report p re sen t s  second-quarter progress  on a 12-month 
research and development program f o r  applying i n t e g r a l  cover-glass 
coat ings t o  s i l i c o n  solar  cells by radio-frequency s p u t t e r i n g ,  per- 
formed under c o n t r a c t  NAS5-10319 for  the NASA-Goddard Space F l i g h t  
Center. 

I n t e g r a l  coa t ings  of 7940 fused s i l i ca  up to  .4.2 mils have 
been deposited during t h i s  per iod.  
t i o n s  have increased t h e  depos i t ion  rate and uniformity. Deposi- 
t i o n  rates as high as 2400 A/min (0.57 mi l /hr )  have been observed 
on t h i s  equipment. 

Sput te r ing  equipment modifica- 

0 

T h e  major i ty  of t h e  work i n  t h i s  r epor t ing  period w a s  directed 
toward developing the  a n t i - r e f l e c t i v e  coa t ing  between t h e  s i l i c o n  
solar cel l  and the  i n t e g r a l  7940 fused - s i l i ca  covers l ide .  Solar 
cells coated w i t h  nominal 575 A of Ce02  cons i s t en t ly  have shown an 
inc rease  i n  conversion e f f i c i e n c y  a f te r  i n t e g r a l  coat ing.  Sunl ight  
data should show t h e  C e 0 2  i n t eg ra l ly -coa ted  ce l l  t o  be more eff i -  
c i e n t  than t h e  s tandard ,  silicon-monoxide-coated cells without pro- 
t e c t i v e  covers. 

0 

T w o - m i l  t h i c k ,  in tegra l -coa ted  cells showed no s i g n i f i c a n t  
changes i n  electrical  parameters o r  phys ica l  characteristics after 
being subjected t o  a thermal-cycling tes t  from +lOOQC t o  - 1 O O O C .  

Ultraviolet exposure tests on cells wi th  i n t e g r a l  coa t ings  up t o  
2 - m i l  th ickness  i n d i c a t e  t h a t  t h e  =-sputtered qua r t z  f i l m s  are 
e f f e c t i v e l y  impervious t o  t h i s  short wavelength r ad ia t ion .  The 
s h o r t - c i r c u i t  c u r r e n t  of these test cells decreased less than an 
average 0.2 percent ;  which i s  wi th in  t h e  r e p r o d u c i b i l i t y  l i m i t s  o.f 
t h e  tungs ten  l i g h t  source.  

iii 



Report N o .  03-67-101 

Stress measurements on RF-sputtered S i O z  f i l m s  on s i l i c o n  cells 
have been extended up t o  4 . 1 6 - m i l  f i l m  thickness .  The observed 
stresses are compressive and range from 2000 t o  6000 l b f / i n  . 2 

Radio-frequency s p u t t e r i n g  has proven t o  be t h e  best reported 
technique for applying i n t e g r a l  covers on s i l i c o n  solar cells .  Low- 
stress qua r t z  f i l m s  of h igh-opt ica l  q u a l i t y  can be applied t o  solar  
cells  a t  high depos i t ion  rates w i t h  no s i g n i f i c a n t  degradation t o  
t h e  ce l l  characteristics. Production-size runs can be coated w i t h  
1-mil-thick covers i n  less than t w o  hours opera t ing  t i m e .  

iV 
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SECTION I 

INTRODUCTION 

A. OBJECTIVE 

The objective of t h i s  c o n t r a c t  is  t o  conduct a l -year  research- 
and-development program for  applying i n t e g r a l  cover-glass coa t ings  
t o  s i l i c o n  solar cells by radio-frequency spu t t e r ing .  T h e  primary 
objectives for  applying i n t e g r a l  coa t ings  t o  solar cells are: 
1) t o  e l imina te  adhesive between cel l  and cover-glass which 2 )  
removes t h e  requirement for  u l t r a v i o l e t  r e j e c t i o n  f i l ters on under- 
side of cover-glass; 3) t o  inc rease  power-to-weight ra t io  of cell/ 
cover-glass assembly on missions which r equ i r e  less than 6 - m i l  
f i l ters;  4 )  t o  reduce cost of p re sen t  solar-cel l /cover-glass  
combination. I t  is  advantageous t o  e l imina te  the adhesive, s i n c e  
m o s t  adhesives darken under u l t r a v i o l e t  (u-v) r a d i a t i o n  and are 
l i m i t e d  t o  a maximum temperature range of approximately 2 O O O C .  

I t  has been demonstrated t h a t  r a d i a t i o n  damage i n  s i l i c o n  solar 
cells can be annealed-out by sub jec t ing  t h e  cell  t o  approximately 
4 O O O C  f o r  brief periods.- 1/ 

B. SCOPE OF WORK 

T h i s  development program involves  depos i t ion  of i n t e g r a l  
qua r t z  coa t ings  d i r e c t l y  on s i l i c o n  solar cells by radio-frequency 
spu t t e r ing .  Coatings,  t o  be applied d i r e c t l y  t o  t h e  cell  without  
sub jec t ing  it t o  temperatures i n  excess of 5OO0C, are t o  be i n  the  
th ickness  range of e l - to -20  m i l s .  In tegral-coated cells w i l l  be 
tested, both o p t i c a l l y  and environmentally,  w i t h  conventional 6 - m i l  
7940 qua r t z  coverslide cells as a c o n t r o l  group. The program should 
y i e l d  an i n t e g r a l  cover-glassed solar cell  which, pricewise, i s  
competitive under present-day production methods . I n t e g r a l l y  cover- 
glassed sample cells w i l l  be suppl ied  t o  NASA on scheduled dates 
during the  con t r ac t .  

A’Fang, P. F. , Proceedings of t h e  F i f t h  Photovoltaic Specialists 
Conference (October 1965). 

1 
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SECTION I1 
TECHNICAL DISCUSSION 

A. R-F SPUTTERING APPARATUS 

A review of the techniques used for the deposition of insula- 
tor films on silicon and a theoretical discussion$of radio-frequency 
sputtering was presented in Periodic Progress Report No. 1 for the 
subject contract. 
variables was also presented. During this reporting period, several 
important changes were made in the equipment which resulted in a 
higher deposition rate. 

A detailed description of the critical process 

The equipment used during the first four months of the contract 
is shown in Figure 1. Note the large, electromagnet concentric with 
the bell jar. However, the magnet was not concentric with cathode 
assembly, which was offset on the base plate due to the vacuum port 
as is illustrated in Figure 2. The normalized flux density as a 
function of the radius of the electromagnet coil is illustrated in 
Figure 3. The non-concentric cathode/magnet arrangement resulted 
in a non-uniform magnetic-flux density across the cathode assembly, 
which contributed to the non-uniform deposition rate. 

The highest deposition rate obtained on this contract with this 
0 

"first generation" equipment was 2100 A/min, with approximately 75- 
percent uniformity over the working area of the substrate holder. 
The majority of the runs on this equipment averaged between 1200 
and 1600 A/min with the 7940 fused-silica target as the source. 

0 

The temporary set up for the "second generation" sputtering 
system is illustrated in Figure 4.  

is the concentricity of the cathode assembly with the bell jar, and 
The major change in the system 

2 
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Figure  3. RF Spu t t e r ing  System ( F i r s t  Generation) 

Figure 2. Electrode Assembly for  RF Sput te r ing  System 
( F i r s t  Generation) 

3 



Report No. 03-67-181 

5.0 

4 .O 

0 

" 3.0 
v 

m > 
5. 2.0 
m 

1 .o 

0 

BZ @ =  0) =i 1/2 pln/a GAUSS 

p = 4 s x 
I = CURRENT I N  AMPS 

n = NUMBER OF TURNS 

a = RADIUS I N  METERS 

- 

- 
EDGE OF COIL AXIS OF COIL 

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

7 RADIAL VARIABLE NORMALIZED TO RADIUS OF COIL 

SC10845 

Figure 3. Normalized Magnetic Flux Density versus 
Normalized Radius of Electromagnet Coil 

Figure 4. RF Sputtering System (Second Generation) 
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the utilization of the Helmholtz configuration of the electromagnets, 
The details of the cathode assembly with the associated cooling coils 
and substrate assembly are illustrated in Figure 5. The 7940 fused- 
silica target is shown directly on the cathode with the substrate 
holder approximately l-inch above. 
2400 A/min have been achieved with this arrangement while the major- 
ity of the runs averaged from 1400-to-1800 A/min. 
ment, the uniformity was improved to approximately 80-percent across 
the working area of the substrate holder. For example, on a typical 
2-1/2-hour run, the integral thickness would range from 0.8-to-1 mil. 

Deposition rates as high as 
0 

0 

With this arrange- 

B. ANTI-REFLECTIVE COATINGS 
c 

The majority of the work in this reporting period was directed 
toward optimizing the optical coating between the silicon and the 
sputtered-quartz layer. An evaporator was modified to deposit films 
by evaporation from a hot-filament arrangement. Since cerium diox- 
ide exhibits the desired refractive index of approximately 2.3 when 
properly deposited, it was selected for the initial evaluations, 
Although the first coatings were fairly soft, additional experimen- 
tation yielded Ce02 coatings of hardness equal to standard produc- 
tion Si0 coatings. 
with a SiO-coated cell is illustrated in Figure 6. The SiO-coated 
cell was visibly selected with a coating of virtually the same opti- 
cal thickness for comparison. As expected, the reflection from air 
to the Ce02-coated cell is higher than the SiO-coated cell. 

The reflectance of a Ce02-coated cell as compared 

Si N was also investigated as an intermediate, anti-reflective 
The films were deposited by RF sputtering from a Si3N4 

3 4  
coating. 
target in argon, oxygen, and nitrogen ambients. The refractive 
indices of the films varied from 1.9 to 3.2 depending on the deposi- 
tion techniques. 
films since the desired refractive index and film thickness was not 
achieved, and the process for the Ce02 coatings was acceptably repro- 
ducible, 

Integral coatings were not deposited over these 

5 
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Figure 5. Electrode Assembly for RF Sputtering 
System (Second Generation) 

0.5 0.6 0.7 0.8 0.9 1 .o 
WAVELENGTH Wrn) 

1.1 1.2 1.3 1.4 

~~ ~ 

Reflectance of CeO and SiO-Coatea f Figure 6. 
Silicon Solar Cel s 
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Reactive RF s p u t t e r i n g  of Si3N4 w a s  n o t  attempted as planned 
s i n c e  t h e  only s i l i c o n  t a r g e t  a v a i l a b l e  w a s  4 inches i n  diameter ,  
which w a s  no t  compatable wi th  t h e  c u r r e n t  6-inch diameter cathode 
assembly. 

C. INTEGRAL COATINGS 

I n t e g r a l  coa t ings  of 7940 fused s i l i c a  up t o  4 - m i l  th ickness  
w e r e  deposi ted on both SiO- and Ce02-coated cells by R F  spu t t e r ing .  
The o p t i c a l  c h a r a c t e r i s t i c s  of t h e  cells w e r e  evaluated before  and 
a f t e r  i n t e g r a l  coat ing.  The r e f l e c t a n c e  of a Ce02-coated ce l l  be- 
f o r e  and a f t e r  i n t e g r a l  coa t ing  of  l - m i l  th ickness  is i l l u s t r a t e d  
i n  Figure 7. The i n t e g r a l  coa t ing  w a s  deposi ted a t  a rate of 1600 
A/min. The r e f l e c t a n c e  of t h e  ce l l  w a s  reduced by t h e  app l i ca t ion  
of t h e  i n t e g r a l  coa t ing  as p red ic t ed  by theory.  A comparison of 
t h e  r e f l e c t a n c e  of a C e 0 2  and a S i 0  an t i - r e f l ec t ive -coa ted  ce l l  
a f t e r  l - m i l  in tegra l  coa t ings  i s  i l l u s t r a t e d  i n  Figure 8. The in -  
creased r e f l e c t a n c e  of t h e  Ce02-coated cel l  i n  t h e  region of 1 .0 -  

to-1.2 wn i s  caused by t h e  chemically-polished P-contact su r f ace  
of t h e  cel l ,  which e f f e c t i v e l y  r e f l e c t s  t h e  longer  wavelength r ad i -  
a t i o n .  The SiO-coated ce l l  had a sawed P-contact s u r f a c e ,  which 

highly absorbs and d i s p e r s e s  t h e  1.0-to-1.2 Pm. rad ia t ion .  The s i g -  
n i f i c a n t  p a r t  of t h e  p l o t  i s  t h e  0.4-to-1.0 pm region. It shows 
t h e  reduced reflectance of t h e  Ce02-coated cell  over t h e  SiO-coated 
cell  after t h e  in t eg ra l - coa t ing  opera t ion .  

0 

The e f f i c i e n c y  of t h e  Ce02-coated ce l l  should improve a f t e r  
i n t e g r a l  coa t ing ,  i f  t h e  i n t e g r a l  f i lm  has "good" t ransmission 
c h a r a c t e r i s t i c s  and t h e  cell  i s  n o t  damaged i n  t h e  coa t ing  process .  
A se t  of I -E  curves ,  which show t h e  t y p i c a l  power inc rease  r e a l i z e d  
a f t e r  i n t e g r a l  coa t ing  over a Ce02-coated ce l l ,  are i l l u s t r a t e d  i n  
Figure 9.  The output  c h a r a c t e r i s t i c s  under tungsten l i g h t  of 20 

Ce02-coated cells before  and a f t e r  i n t e g r a l  coa t ing  of nominal 1 . 4 -  
m i l  th ickness  are l i s t e d  i n  Table I. It should be  noted t h a t  t h e  
d a t a  w e r e  taken under a tungsten l i g h t  source which w a s  c a l i b r a t e d  

7 
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- C e 0 2  COATING ( n = 2.27, t = 690 ) ON SILICON 
- - - -  SOLAR CELL 
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Figure 7. Reflectance of Ce02-Coated Silicon Solar 
Cell Before and After Integral Coating 
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Figure 8. Reflectance of Integrally-Coated Solar Cell 
with Si0 and Ce02 Anti-Reflective Coatings 
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with a SiO-coated, Table Mountain s tandard  solar cell .  The Ce02-  

coated cells wi th  i n t e g r a l  coa t ings  would e x h i b i t  h igher  conversion 
e f f i c i e n c y  under a "blue" l i g h t  source due t o  t h e  l o w  r e f l e c t a n c e  
i n  t h e  0.4-to-1.0 v m  region of t h e  spectrum. 

Integral-coated cells w i l l  be evaluated under s u n l i g h t  and/or 
an AM0 simulator  d a t a  i n  t h e  fou r th  q u a r t e r  of t h e  contract t o  d e t e r -  
mine t h e  conversion e f f i c i e n c y  of t h e  cells accura te ly .  

D. FILM STRESS MEASUFEMENTS 

Stress measurements on RE'-sputtered Si02 f i lms  have been ex- 
tended t o  th ickness  up t o  4.16 mils, and previous r e s u l t s  have been 
r eca l cu la t ed  using Poisson 's  r a t i o  t o  account f o r  t h e  stress involved 
i n  la teral  deformation. The equat ion used w a s  

t (t + Rd) Esi u =  
6rd (1-v) 

where 
CJ = stress, l b f / i n 2  (compressive f i l m  stress +) 

= e las t ic  modulus of S i ,  2.46 x 1 0  l b f / i n  
t = s u b s t r a t e  t h i ckness ,  i n .  
d = f i l m  th ickness ,  i n .  

7 2 
Esi 

R = Esio2/Esi = 0.422 

r = r a d i u s  of curva ture ,  i n .  
v = Poisson ' s  ra t io ,  thickness-weighted mean. 
- 

The curva ture  of cells  w a s  measured o p t i c a l l y ,  as descr ibed i n  t h e  
previous r epor t .  The d a t a  are summarized i n  T a b l e  11. 

The v a r i a t i o n  of stress wi th  f i lm  th ickness  i s  shown i n  Figure 
10 .  The nea t  exponent ia l  decrease prev ious ly  observed has been d i s -  
rupted by an upturn a t  very large th icknesses .  The shape of t h e  
curve f i t s  no convenient simple func t ion ,  so t h e  d a t a  are presented  
i n  empir ica l  form. Addit ional  d a t a  must be obtained t o  v e r i f y  t h i s  
dependence and e s t a b l i s h  t h e  approximate magnitude of random errors. 

11 
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In any case, the observed stresses are all compressive and 
fairly small, ranging approximately from 2000-to-6000 lbf/in (1.4- 
to-4.1 by lo8 dyne/cm ) . 
mate compressive strength of Si02, or the tensile strength of sili- 
con, accounting for the observed absence of stress-induced mechani- 
cal failure. 

2 
2 These values are all far below the ulti- 

Additional environmental testing on > 2-mil-thickness films 
will be required to determine if the film stress is a serious prob- 
lem. The resultant curvature of the cells for integral films over 
1- to 2-mil thickness may certainly cause problems in submodule 
fabrication. 

E . ENVIRONMENTAL TESTING 

1. Ultraviolet EXROSUre 

~n environmental test, which consisted of 500 hours of 
mercury vapor lamp exposure at 12.5 mW/cm2 intensity, was performed 
on the following groups: 

Test Group: (Quantity - 4) CeO anti-reflective 
coated cells with 7940 fused si $ ica integral 
coatings of 0.8- to 2.0-mil thickness. 

0 Primary Control: (Quantity - 4) SiO-coated cells 
with 6-mil thickness, 7940 fused-silica cover- 
slides (anti-reflective coated and 450-nm rejec- 
tion filter), bonded with GE RTV 602 adhesive. 

0 Secondary Control : (Quantity - 5) SiO-coated 
cells with 6-mil thickness, 7940 fused-silica 
coverslides (uncoated), bonded with GE RTV 602 
adhesive. 

0 

The results of this test are presented in Table 111. The 
data were taken under a tungsten-light source and are presented not 
as absolute numbers, but to show the relative changes of the differ- 
ent cell groups under ultraviolet exposure. 
served in the integral-coated cells was cell 
ing of 0.8-mil thickness), which lost 2.7 m~ 

esting to note, that although the integrally 

The largest change ob- 
No. 99 (integral coat- 
at 430 mV. It is inter- 
coated cells dropped 

13 
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an average of 1.0 mA at 430 mV, the output of these cells was 3.0 mA 

higher than the primary control test cells, which lost 0.7 mA at 
430 mV. The cells with the uncoated coverslides, which were in- 
cluded in the test to show the effect of ultraviolet radiation on 
the bonding adhesive, lost an average of 1.9 mA shortcircuit current: 
whereas, the integrally coated cells and the cells with coated cover- 
slides lost 0.1- and 0.3-mA short-circuit current, respectively. 
Further ultraviolet tests will include uncoated coverslides with a 
minimum of 6 mils of RF sputtered, 7940 fused-silica coatings to 
determine the change in transmission of the coating from 0.4-to- 
1.1 pm. 

2. Thermal Cycle 

Thermal cycling was performed on both &ntegra ly-covered 
cells and standard production cells with 6-nil coverslides (coated). 
The temperature cycle was from room temperature to +lOO°C to -1OOOC 
to room temperature as shown in Table IV. 

Table IV. Thermal Cycle Conditions 

Phase I Transit Time-Min. I No. Cycles I Temperature Change OC 
Initial 

Cycle 

Final 

5 
10 
10 
5 

5 

RT* to +lo0 
+loo to -100 
-100 to +loo 
+LOO to RT 

* RT = Room Temperature 

15 
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The results of the test are shown in Table V. The cells 
with the integral coatings and the cells with the 6-mil conventional 
coverslides had Ce02 and Si0 intermediate, anti-reflective coatings, 
respectively. The coverslides were standard 6-mil OCLI* 7940 fused- 
silica with anti-reflective coating on the top surface and a 450-nm 
cut-on filter on the bottom surface. The bonding adhesive was Gen- 
eral Electric RTV 602. The data were taken under a tungsten-light 
source with a substrate temperature of f loco 

Both groups of cells showed an average increase in short- 
circuit current and open-circuit voltage. The charge in open-circuit 
could be attributed to the difference in the substrate temperature 
between the initial and post-test set-up, except for cell No. 105 
which decreased 8 mV. The temperature coefficient of open-circuit 
voltage of the cells is approximately -2.3 mV/OC. All of the cells 
on the test, except No's. 102 and 104, showed little change in cur- 
rent at 430 mV. Cells No. 102 and 104, both of which had 1.0-mil 
integral coatings, changed +7.4 and -6.1 mA, respectively at 430 mV. 
Examination of the I-E curves of the cells indicated a change in 
series resistance of these two cells. 

3. Proton Irradiation 

Proton testing is tentatively scheduled for the third 
quarter of the contract on cells with integral coatings up to 6-mil 
thickness. A PN 400 Van de Graaff accelerator at Southern Methodist 
University has been modified for this test. An analyzing magnet 
and rotating substrate holder were added to the system to assure 
mono-energetic protons of uniform flux density. The system has been 
calibrated by bombarding a lithium target with protons and 
the resonance gamma-ray spectrum at various ion energies. 
ing will be performed at 440  KeV. 

observing 
The test- 

* Optical Coating Laboratory, Inc. 
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F. SAMPLE FABRICATION 

The five samples supplied for the second quarter of the con- 

1) Substrate: N/P silicon solar cell, 1 x 2 cm, 
three-grid, 7 to 14 dlcm base resistivity, 
solderless contacts. 
Anti-reflective coating (Si-Si02): Cerium Dioxide 

1-mil thickness 

tract consisted of the following: 

2) 
3) Integral coverglass: Corning 7940 fused-silica, 

4) Anti-reflective coating (Si02-air): None 
The I-E characteristic of sample cell No. 52 after integral coating 
is illustrated in Figure 11. The curve was plotted under 100 MW/cm 
tungsten-light source, calibrated with Table Mountain standard No. 3. 

2 
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Figure 11. Solar-Cell I-E Characteristic After Integral Quartz Coating 
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SECTION I11 
PROGRAM FOR NEXT THREE MONTHS 

Work w i l l  be d irected at  deposit ing and environmentally evalu- 
at ing coatings i n  the 3- to 1 0 - m i l  range. Stress measurements w i l l  
also be extended for these  thicker films. Proton t e s t i n g  i s  tenta- 
t i v e l y  scheduled for the next  reporting period. 

20 
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SECTION I V  

CONCLUSIONS 

I n t e g r a l  qua r t z  f i l m s ,  RF-sputtered on s i l i c o n  solar cells ,  
are proving t o  be very stable under t h e  requi red  environmental 
condi t ions ;  however, a d d i t i o n a l  t e s t i n g  must be performed on f i l m s  
i n  t h e  3- t o  1 0 - m i l  th ickness  range. 

Optimization of the  in te rmedia te ,  a n t i - r e f l e c t i v e  coat ing has 
p o t e n t i a l l y  y ie lded  a cel l  of higher conversion e f f i c i e n c y  after 
i n t e g r a l  coa t ing  than t h e  s tandard ,  silicon-monoxide-coated cell 
without  p r o t e c t i v e  cover 

Stress measurements on films up t o  4 .16 -mi l  th ickness  have 
been reported. The r e s u l t a n t  curva ture  does no t  appear t o  be a 
s i g n i f i c a n t  problem on 13-mil s i l i c o n  cells w i t h  1- t o  2 - m i l  
spu t t e red  quar tz .  However, t h e  curvature  of cells  wi th  t h i c k e r  
f i l m s  may cause problems i n  module and panel  f a b r i c a t i o n .  The 

stress of the f i l m  seems t o  be relatively independent of the  depo- 
s i t i o n  rate, a t  least i n  t h e  1000-to-2400 A/min range. 

0 

RF-sputtered qua r t z  films c u r r e n t l y  can be deposi ted a t  the  
rate of 0.57 m i l / h r  w i t h  e x c e l l e n t  phys ica l  and optical q u a l i t i e s .  
S tudies  are cont inuing on the depos i t ion  variables t o  f u r t h e r  in -  
crease t h i s  rate. 

2 1  


